Male Wistar rats were exposed to two types of magnesium sulphate whiskers by inhalation for six hours a day, five days a week, for four weeks (sub-chronic study), or for one year (chronic study) to clarify the biological effects of the whiskers. There were few whiskers detected in the rat lungs even at one day after the exposure, suggesting that they are dissolved and eliminated rapidly from the lungs. To measure the clearance rate of the whiskers from the lungs, an intratracheal instillation was performed in golden hamsters. The half life of the whiskers in the lung was determined as 17-6 minutes by temporally measuring the magnesium concentration up to 80 minutes after the instillation. A histopathological examination indicated a frequent occurrence of adenoma and carcinoma in the year after chronic exposure, but it was not significantly different between exposed and control rats. (Occup Environ Med 1994;5l:492-499) cal properties of fibres, as well as their geometric characteristics, are important factors for biological effects. For example, the fibres that have lower solubility will persist longer in the body. The surface charge might be associated with pathogenicity,"2 and acid treatment was effective in decreasing pathogenicity of the fibres,"3 suggesting that differences in chemical characteristics could cause different interactions between the tissues and fibres even when the geometrical sizes are the same.
Many kinds of manmade mineral fibres (MMMFs) have been developed in recent years as asbestos substitutes or as reinforcements, insulators, and friction materials. Magnesium sulphate whisker is an MMMF synthesised from magnesium sulphate and magnesium hydroxide by hydrothermal reaction at 100-300'C. It is used as a reinforcement for plastics and rubbers and a thickener of paint materials and epoxy adhesives.
In general, not only asbestos but also respirable long fibres with a small diameter have been suspected of exerting strong biological effects-for instance, acting as carcinogens. l 2 To verify this hypothesis, many in vivo'-5 and in vitro68 studies have been reported for MMMFs, especially for glass fibres, ceramic fibres, and slug/rock fibres. Magnesium sulphate whisker is a fibrous material with a large aspect ratio, so that some biological effects might be suspected. The effects of magnesium sulphate whisker have not been established yet, however, because it is a newly developed material. Adachi et a19-"1 showed an increase in tumours in hamsters that were given magnesium sulphate whisker by intratracheal instillation, but there is no report available on inhalation studies that resemble actual exposure in the work environment.
Recently, it has been shown that the chemi-
Methods

MEASUREMENT OF PHYSICAL AND CHEMICAL CHARACTERISTICS OF WHISKERS
Materials
Whiskers studied consisted of magnesium sulphate and magnesium hydroxide (MgSO4 5Mg(OH)2 3HO), commercial name; MOS-HIGE (UBE industries, Japan). Two types of whiskers, short whiskers (USW) and long whiskers (ULW) were examined.
Length and diameter of the whiskers A scanning electron microscope (Hitachi, S-700, Japan) was used to obtain the distribution of whisker lengths and diameters. The measurements were taken in accordance with the WHO method.'4 Because MOS-HIGE is soluble in water, the whiskers were suspended in cyclohexane and collected on a nucleopore filter (25 mm diameter, pore size 0-25,um).
Photos were taken at a magnification of 2000. The magnification was increased up to 20 000 to obtain a higher accuracy for measuring whiskers with a small diameter. The diameter and the length of the whiskers were measured with a backlight digitiser (Graphtec, Japan, KD-3030D). The diameter was measured at the centre of the whisker and the length was measured along the curve on the developed negative films or enlarged photos. In the subchronic exposure study, 124 rats were randomly divided into three groups (42, 42, and 40 rats per group for short whiskers, long whiskers, and controls, respectively).
Five or six rats in each group were killed and dissected at one, two, three, and four weeks after the beginning of the exposure, and two and four weeks, six months, and one year after the end of the exposure. In the chronic study, 80 rats were randomly divided into 27, 27, and 26 for short whiskers, long whiskers, and control groups, respectively. The dissection was conducted at one day and one year after the end of the exposure.
In all dissections, the weights of body and organs (lung, liver, kidney, and spleen) were measured. Lungs were divided and a part was used for the determination of the whiskers. Remaining portions were used for histopathological examination.
Measurement of magnesium in the lung
The amounts of magnesium in the lungs were determined by the wet ashing method with a Microdigest (Model 300, Prolabo, France). About 0 5 to 1 g of the samples were put into the Microdigest and the tissues were removed by treating with 0.5 ml of sulphuric acid, 4 0 mg of nitric acid, and 0 5 ml of hydrogen peroxide. The residual solutions were diluted to 50 ml with distilled water and the amounts of magnesium were measured with an ICP spectrophotometer at 279-553 nm.
Histopathological examination Rats were anaesthetised by sodium pentobarbitone, (50 mg/kg body weight), and killed for necropsy after the sampling of blood. Whole organs were examined carefully by eye. Portions of both lungs, liver, kidneys, Figure 2 shows photographs of the short whiskers and long whiskers taken under the scanning electron microscope. The whiskers had large aspect ratios, and the number of non-fibrous particles were few. Most of the whiskers were cylindrical, but whiskers with branched ends were also seen. Tables 2 and 3 summarise the physical and chemical properties of crude whiskers. As the chemical structures of the short whiskers and long whiskers are the same, the solubility, pH and zeta potential were measured only for the short whiskers. When the whiskers were put into each fluid, the magnesium concentration in the solutions,-that is, an index of the dissolved amount of whiskers-and pH increased rapidly at first, then approached to a constant value. As the concentration became almost constant when the dissolution time was 120 minutes, the solubility and pH given in table 3 were the values at 120 minutes. The values for the solubility, pH and zeta potential depended on the fluid. In particular, the solubility of the whiskers in Gamble's solution was much greater than that in distilled water and physiological saline. Because the composition of the Gamble's solution is similar to that of body fluids, this result suggests that the MOS-HIGE is easily dissolved in the lung.
The measured magnesium content in the long whiskers and short whiskers was 32-7% and 31-4%, respectively. These values were close to that calculated from the structural formula (31-3%). Many other trace elements, including Ca, Si, Al, and Fe were detected, but total content of these components were less than 1%. Table 4 shows the magnesium content in hamster lungs after intratracheal instillation. Magnesium was removed rapidly from the lungs. The table also shows the residual amount of short whiskers per lung calculated from the measured amount of magnesium. Because magnesium content in the control rats was high, the deposited amounts of magnesium in the exposed rats were estimated by subtracting the amounts of magnesium in the controls from that in the exposures. The column (1) of the residual amount of the short whiskers in table 4 shows the estimated residual amounts of the short whiskers in the lungs obtained by subtracting the average amounts of magnesium per lung weight of the controls (equation 1):
INTRATRACHEAL INSTILLATION
where, MgE and W, are the amounts of magnesium in the lungs and the lung weights of the exposed hamsters, and Mgc and WLC are the average values of the amounts of magnesium in the lungs and the lung weights of the control hamsters. The value 100/31'3 is the conversion factor from magnesium to magnesium sulphate whiskers.
As shown in table 4, however, the average lung weights of the exposed groups were significantly greater than those of the control group except for the 10 minutes clearance period. The reason for this may be that the lung weights were changed by the injected fluid because the dissection times after the instillation were so short. As the periods until the dissection of the controls were longer than the exposure groups, a part of the injected liquid in the control rats could already have been absorbed and transferred into the body fluids.
If this is the case, the correction for body weight may be more suitable because the body weights were not significantly different between the control and the exposure groups. The column (2) (2) where, WE is the body weight of the exposed rats and Wc is the average body weight of the control rats. The injected amount of short whiskers was 1100pg (1 1 mg). Therefore, the results in table 4 indicate that the residual amounts of short whiskers decreased to less than one tenth at 80 minutes after the instillation.
INHALATION STUDY
Growth curves and survival rate of rats The growth curves of the groups were almost identical during all observed periods including the exposure and clearance periods for both the subchronic and chronic studies. Figure 3 shows the survival rate during the clearance period in the chronic study. Forty eight per cent (10/21), 41% (9/22), and 30% (6/20) of rats died during the one year clear- ance time in the controls, the short whisker, and long whisker exposure groups, respectively. This indicates that exposure to MOS-HIGE did not reduce the survival rate.
Weights of body and organs Tables 5 and 6 show the average weights of body, lung, liver, kidneys, and spleen of the three groups at each dissection time in the 50 60 subchronic and chronic studies. No significant differences were found among the groups.
Magnesium content of the lungs Table 7 shows the amounts of magnesium in the lungs during the exposure periods in the subchronic study. The magnesium content did not increase even when the exposure periods lengthened from one to four weeks. The amount of magnesium in the rats after exposure to the long whiskers for two and three weeks was significantly greater than that after one week (p < 005). It should not be considered that the average magnesium content increased but rather magnesium content in the one week exposure group was smaller than the others, because the values were not greater than those in the control group for all exposure periods. The magnesium concentrations in the short whisker group were almost identical with those in the long whisker and control groups.
Histopathologicalfindings Table 8 summarises the overall histological data for all rats. Just after exposure there were no significant lesions, including tumours, in any organs, irrespective of group. In the rats with four week exposure and a one year clearance period, one pulmonary adenoma was found, in the short whisker exposure group. Segmental calcifications of the pulmonary artery were found more often in the short whisker and long whisker expo- sure groups than in the control group, although the difference was not significant (p < 02).
In the rats with one year clearance after the one year exposure, several neoplastic lesions were found in both experimental and control groups. Two, two, and one pulmonary adenoma occurred in the short whisker, long whisker, and the control groups, respectively. One of them showed a pronounced epithelial atypia, but this was not conclusive of carcinoma (fig 4) . The number of adenomas in the exposure groups was not significantly greater than that of the control group. Hepatocellular adenoma and carcinoma ( fig 5) occurred somewhat more often in the long whisker group than in the control groups. Discussion MOS-HIGE consists of crystals of magnesium sulphate and magnesium hydroxide. Therefore, the amount of inhaled whiskers can be determined by measuring the amount of magnesium in the lungs. There were no significant differences, however, in the magnesium content in the lungs between exposed -I Biological effects ofinhaled magnesium sulphate whiskers in rats Thickening of the pleura and control rats ( Deposited amount (ug) = concentration (glmi)
x total exposure time (min) x respiration rate (ml/min) x deposition fraction (-)
For equation 3, the whisker concentration and total exposure time are as shown in table 1, and the respiration rate can be estimated from the Guyton formula: Respiration rate (ml/min) = 2 1 x (body weight)"34 (4) The deposition fraction of the whiskers in the lungs could not be determined. In the case of non-fibrous particles, however, Raabe et all8 showed that the deposition fraction in the rat pulmonary region was 11-0(0-2)% and 6&6(0 5)% for particles with 1-03 pum and 3-11 pum aerodynamic diameter respectively. As the median aerodynamic diameters of short whiskers and long whiskers are 1-5 and 1-8 ,um, the corresponding deposition fractions were estimated to be 10% and 9 4% respectively. By substituting these values in equation 3, the deposited amount of the whiskers was estimated as 219-1050 pg/g lung. Because the magnesium content in the whiskers is about 32%, the amount of magnesium deposited was 70-336 ,ug/g lung. These values are much greater than the SD of magnesium content in the control rats, so magnesium should be detected if the deposited whiskers are not eliminated. Only limited numbers of whiskers were found in the lungs (with an optical microscope) even just one day after the inhalation exposure. These results suggested that the MOS-HIGE was so soluble in the body fluid that the inhaled whiskers were dissolved almost completely within a day. This was qualitatively supported by the experimental results on the solubility of the short whiskers (table 3) .
To confirm this experimentally we tried to expose rats to a high concentration of whiskers by inhalation. The dissolution rate was so great, however, that it was impossible to determine the initial amounts of the whiskers even just after the end of the exposure. Therefore, an intratracheal instillation was conducted to find the exact amount of whiskers in the lung at initial time. Hamsters were used for the instillation study instead of rats because we could easily find the trachea. The results show that the amount of magnesium was reduced rapidly (table 4) . Figure 6 shows a semi-log plot of the estimated amount of residual whiskers in the lungs as estimated by equation 2. The amounts of whiskers decreased almost exponentially, suggesting that the clearance of MOS-HIGE from the lungs could be explained by a single compartment model. From the slope of the regression line (solid line), the half life of clearance of the whiskers in the lungs was determined to be 17-6 minutes. This result indicates that the amounts of magnesium in the lungs reduced to a control level within a few hours. This finding coincides with the result that the whiskers could not be detected from the rat lungs even at one day after exposure to MOS-HIGE in the inhalation studies.
Optical microscopy found no whiskers in any organ, including liver, kidney, and spleen.
Fibrosis and pneumoconiosis, commonly observed in lungs exposed to other fibrous particles for a long period, were not recognised. These results can also be explained that the whiskers are so soluble that they cannot exist in the organs.
In the histopathological examination, several neoplastic lesions and pulmonary adenomas were found in both the one year short whisker and long whisker exposure groups.
The incidence of hepatocellular adenoma and carcinoma in the long whisker group tended to be higher than in the control group. But the differences were not significant. The major cause may be age because these rats were more than two years old at the end of the experiments.
The main reason why the histopathological findings were not significantly different between the control and exposure groups may be because the MOS-HIGE is so soluble, as confirmed by the intratracheal study. If no whiskers exist in the body, there should be no effects. When large amounts of the whiskers are present at one time, however, some biological effects may be possible.
Adachi et al 10 studied the oxidative damage to DNA, which is an index of carcinogenicity, of asbestos and several MMMFs including magnesium sulphate whiskers in vitro. They measured the yield of 8-hydroxy-2'-deoxyguanosine (8-OH-dGuo) from calf thymus DNA incubated with fibres and H202, FeSO4, EDTA, or mannitol. The formation of 8-OH-dGuo by magnesium sulphate whiskers was the same as or less than the control level except for one case (DNA with 10 mM mannitol). This indicates that the carcinogenicity of magnesium sulphate whisker is low, consistent with our results. Adachi et al " also showed, however, that nine of 20 female Syrian hamsters that were intratracheally injected with 10 mg of basic magnesium sulphate whiskers had tumours within two years of the exposure.
In our inhalation study, the incidence of tumours in the exposure group was larger but not significantly so than that in the controls. Our experimental data could not be compared directly with theirs because the experimental conditions-namely, exposure methods, dose, and animals-were different. In work environments, however, inhalation is the major route of exposure, so our results are relevant to the understanding of the health effects of magnesium sulphate whiskers.
The effects of airborne fibrous particles may depend not only on their geometric characteristics but also on other physical and chemical properties. In particular, the solubility gives an estimate of the durability of fibres that is an important factor in biological effects. This means that it is necessary to know the physical and chemical characteristics of fibres to fully understand the biological effects of the fibres. Therefore, when the biological effects of new fibrous materials are examined, the physical and chemical characteristics of the fibres including geometric sizes and solubility should be determined in advance of both in vivo and in vitro studies.
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